Japan has launched many interplanetary spacecraft for exploration of solar system bodies including Mars. Now we are planning the next Mars mission in the late 2010's. This paper describes the preliminary mission analysis and orbit design for this plan. The combined exploration by several spacecraft requires complicated and careful consideration, different from those for single-probe missions. Mission plans to realize required configuration by a single launch and simple simulation results are reported.
Introduction
In 2008, Japan Aerospace Exploration Agency (JAXA) has established a novel working group toward a novel Mars exploration program named MELOS, an acronym for "Mars Exploration with Lander-Orbiter Synergy" 1) . As its name indicates, this is an ambitious mission composed of several landers and orbiters, schematically illustrated in Fig. 1 . Combined and networked exploration by multiple spacecraft is one of notable features of the MELOS mission, compared to several missions to be launched in 2010's [2] [3] [4] [5] . A working group for the MELOS mission has been established in 2008, and more than 100 researchers have joined discussing the details of the mission toward the launch in late 2010's. This paper describes the preliminary mission analysis and orbit design for the MELOS mission.
The combined exploration by several spacecraft requires complicated and careful consideration, different from those for single-probe missions. Mission plans to realize required configuration by a single launch and simple simulation results are reported.
Mission Overview
In this section, overview and scientific basis of the MELOS mission are introduced.
Scientific objectives
This mission is expected to consist of two orbiters and several landers, as implied by its name, MELOS, an acronym for "Mars Exploration with Lander-Orbiter Synergy". Two orbiters and landers will perform cooperative and combined exploration of Martian atmosphere, climate, interior structure and surface environment for understanding and elucidation of the evolution of Mars environment. The MELOS mission challenges the following three science objectives.
Meteorological orbiter for martian climate
One orbiter of the two, called hereafter as the meteorological orbiter, aims understanding of the interaction between the atmosphere and subsurface ice, and atmospheric dynamics. Global, high-resolution and continuous mapping of water vapor, clouds, dusts and atmospheric temperature will be performed with imaging cameras from the apoapsis of its highly elliptic orbit. At lower altitude, a sub-millimeter sounder will also be used for three-dimensional mapping of water vapor and winds.
Knowledge of Martian climate with the meteorological orbiter will allow us to establish comparative meteorology of terrestrial planets such as Earth, Venus and Mars by incorporating Earth climate data and those from Akatsuki, JAXA's Venus Climate Orbiter launched in May 2010 6) . Both scientific data and engineering designs of PLANET-C will be inherited to the meteorological orbiter.
Atmospheric escape orbiter for escaping atmo-
sphere The other orbiter, here we call it the atmospheric escape orbiter, performs in-situ observations of escaping atmosphere in a low-Mars orbit, which was one of science objectives in Nozomi -Japan's past Mars orbiter mission 7) . It is now almost certain that Mars once had duration of warm and wet climate. The aim of the observation of atmospheric escape is to obtain a clue of how and why the atmosphere and climate of Mars have evolved with time. Our target is to elucidate non-thermal escape processes, in particular, solar wind-induced escape processes, which are pointed out to involve substantial uncertainties by previous measurements and theoretical studies.
Elucidation of atmospheric escape will be strongly supported also by the meteorological orbiter in two ways. First, simultaneous observation will be performed by the meteorological orbiter to grasp global structures of escaping ions, and by the atmospheric escape orbiter to investigate the escape processes through in-situ measurements. Second, it will monitor solar winds, which is crucial to understand present escape processes or fluxes as well as their dependencies on the external conditions. 2.1.3. Landers for internal structure and surface environment MELOS surface landers will scope several scientific topics such as mass spectrometry, seismology, geochemistry, thermal activity, crater chronology and atmospheric electricity. They will carry several science packages for measurement of these properties. It is noteworthy that we are planning networked exploration by several landers distributed in the wide area on Mars. They can benefit from network science with ESA's Mars NEXT mission.
Accumulation for surface science and landing technologies through recent ambitious missions such as Hayabusa (JAXA's asteroid sample return mission) 8) and its follow-ons, and SELENE-2 (JAXA's lunar lander) 9) will be of great use for Mars landers. Experience of reentry into the atmosphere and knowledge of aerodynamics cultivated through Hayabusa's reentry will be also inherited.
Orbit Sequence

Launch opportunities
We are planning the launch of the all spacecraft in the late 2010's by a single H-IIA rocket, aiming data acquisition under conditions of high solar activity expected to be maximized around 2022. There will be several launch windows toward Mars around 2022 10) . In one case, for example, the spacecraft will depart Earth in May 2018 and arrive at Mars in December 2018, after a half revolution around the sun. The total delta-V for the departure and the arrival is 5.75 km/s. In other case, the departure from Earth will be in October 2017, and the arrival at Mars will be February in 2020. Though it requires one and a half revolutions around the sun, the total delta-V is 5.59 km/s, less than that for the former case. Figs. 2-5 show transfer orbits from Earth to Mars in the inertial ecliptic coordinate system (J2000) and Sun-Earth fixed ecliptic coordinate system.
Orbital design around mars
After the cruising phase around the sun, the spacecraft is injected to the orbit around Mars. Two orbiters are then Mars Exploration with Lander-Orbiter Synergy (MELOS) separated, and several maneuvers are performed to establish the constellation appropriate for the combined observation of Mars.
Mission requirements for orbits around mars
As mentioned above, simultaneous observation of the Martian atmosphere by two orbiters is one of the most important goals in the MELOS mission. The atmospheric escape orbiter has to be in a low-altitude polar orbit for in-situ and local observation of the Martian atmosphere. The meteorological orbiter needs to capture global images from the distance of several radii of Mars. Its orbital period is preferable to be in synchronization with the daily rotation of Mars, if possible, in order to observe the transition of the Martian climate under high resolution and to capture whole global images in one or two days.
To comply with these requirements, several plans are now under discussion. In one candidate plan, tentative values for the apoapsis altitude and periapsis altitude of the meteorological orbiter are 6.9R m and 300 km, respectively, where R m is the radius of Mars. Those for the atmospheric escape orbiter are 7,000 km and 300 km, respectively. Note that these values are just tentative, and desirable values are currently under discussion in the science community.
Moreover, the most essential requirement is the orthogonal constellation of two orbiters, as shown in Figure 6 . This constellation must be kept at least during the mission period of two Martian years. Because orbital elements are largely perturbed by various external forces such as the J 2 term in Mars gravity non-uniformity, orbital elements of the orbiters must be designed carefully so as to keep orthogonality 11) . For example, in the case of the launch in 2018, the minimum inclination of the initial insertion orbit is 8.67 degrees. If we adopt this as the inclination of the meteorological orbiter, we can keep orthogonality by setting the inclination of the atmospheric escape orbiter 102.09 degrees. Table 1 shows tentative orbital parameters of the two orbiters in the observation phase. The period of the meteorological orbiter is set to be 16 hours so that it synchronizes with the daily rotation of Mars every two sols. 
Mars orbit insertion and initial orbit phase
After about a 7-month voyage at shortest along the Mars transition orbit, the spacecraft will be inserted into a Mars orbit by an orbit maneuver engine (OME) mounted on the atmospheric escape orbiter, with the initial periapsis altitude of about 300 km. We adopted insertion of the two orbiters and landers into a single initial orbit as a whole, instead of one-byone insertion of already separated spacecraft. It has benefit such that only a single OME is needed, and that concurrent insertion is avoided. How to establish different dedicated observation orbits for the two orbiters is, however, a difficult issue.
Several constellation plans and maneuver sequences are now under consideration. The following sequence is one example. First, the spacecraft is inserted into a highly elliptical orbit with nearly 50 R m apoapsis for example and a low inclination, which allows us to change inclination of the orbiter with a relatively small maneuver on the apoapsis, and to spend sufficient time for precise orbit determination such as DDOR (Delta Differential One-way Range) prior to deorbit of landers.
How to create and maintain orthogonal constellation is another challenge. One solution is to utilize perturbation of Mars gravity non-uniformity, especially J 2 terms effecting orbital planes to rotate 11) . This will save chemical thrust, though it requires considerably long time for 90-degree rotation of the orbital plane.
As for descent of the orbiters from the initial orbit to the observation orbit, aerobraking will be very effective 12) . During the braking, the spacecraft will be dipped into the atmosphere with about 110-120 km altitude. It will also be of great help for observation of atmospheric escape, because such lower altitude is scientifically significant. Table 2 shows an example of possible maneuver sequences for the orbiters. Delta-Vs in (F) and (H) correspond to "walkin" and "walk-out" maneuvers between the upper atmosphere 
Entry, Descent and Landing of Landers
The landers are initially mounted on the meteorological orbiter just after MOI (Mars Orbit Insertion), and separated from the orbiter. Compared to direct entries adopted in most Mars lander missions by other countries, the entry from the Mars orbit has an advantage of more flexible selection of the landing point and higher landing accuracy. It is also intended to avoid concurrent critical operation for entry of the landers and MOI of the orbiters.
Deorbit of the landers is performed near the apoapsis. One candidate scenario under discussion includes the landers targeting maneuver (LTM) along with the meteorological orbiter toward the Mars atmosphere interface point, followed by separation of the landers, the orbiter deflection maneuver (ODM) and a cleanup, in a similar manner to the separation sequence of the Huygens probe from the Cassini spacecraft 13) . It leads to reduction of AOCS (Attitude and Orbit Control Subsystem) components in the landers' capsule, though it needs a solar array panel and other subsystems for survival over several days. A case of deorbit from the nominal observation orbit of the meteorological orbiter is also discussed, where only the landers will deorbit and reach the entry point after several hours.
After coasting, the spin-stabilized lander reaches the entry point. One example of the entry, descent and landing sequence is illustrated in Fig. 7 . In this case, deorbit from the 8R m apoapsis of the meteorological orbiter is tentatively assumed. The lander enters the atmosphere at the velocity of 4.6 km/s and the flight path angle of 8.34 degrees. After experiences of the peak heat flux and the peak dynamic pressure, a parachute is deployed and the heat shield is jettisoned. Powered descent with thrusters is triggered by the altitude threshold and finally soft landing is achieved. Figs. 8 and 9 also show the altitude and velocity of the lander, respectively. During this sequence, several guidance techniques such as guided entry or image- based guidance will be of a great help for accurate landing on the aimed point 14) . We are also planning some mobilities for landers or a part of them after landing. Several ambitious plans including rovers, airplanes and airships are being discussed. Table 3 shows a tentative mass budget for orbiters and landers. As for the vehicle launch capability, 2,500 kg, 3,000 kg and 3,500 kg were supposed provisionally, and one, two and three lander(s) corresponding to the launch capability were assumed respectively. Details are to be determined according to the mission sequence and spacecraft configuration.
Tentative Mass Budget
Summary
This paper described the preliminary mission analysis and orbit design for Japanese next Mars mission named MELOS. The scientific objectives, outlines of the mission and several topics were briefly described. Note that these descriptions Fig. 7 . Entry, descent and landing sequence of the landers. are tentative as of 2009 and to be modified, confirmed and determined through ongoing discussion among researchers.
